Cyclic adenosine monophosphate (cAMP) is an important mediator of hormonal stimulation of cell growth and differentiation through its activation of the extracellular signal-regulated kinase (ERK) cascade. Two small G proteins, Ras and Rap1 have been proposed to mediate this activation. Using HEK293 cells as a model system, we have recently shown that both Ras and Rap1 are required for cAMP signaling to ERKs. However, cAMP-dependent Ras signaling to ERKs is transient and rapidly terminated by PKA phosphorylation of the Raf isoforms C-Raf and B-Raf. In contrast, cAMP-dependent Rap1 signaling to ERKs and Rap1 is potentiated by PKA. We show that this is due to sustained binding of B-Raf to Rap1. One of the targets of PKA is Rap1 itself, directly phosphorylating Rap1a on serine 180 and Rap1b on serine 179. We show that these phosphorylations create potential binding sites for the adaptor protein 14-3-3 that links Rap1 to the scaffold protein KSR. These results suggest that Rap1 activation of ERKs requires PKA phosphorylation and KSR binding. Because KSR and B-Raf exist as heterodimers within the cell, this binding also brings B-Raf to Rap1, allowing Rap1 to couple to ERKs through B-Raf binding to Rap1 independently of its Ras-binding domain.
Ras can couple to ERKs via either of the two major Raf isoforms, C-Raf and B-Raf (13, 32) . In contrast, Rap1 can couple to ERKs only through B-Raf (3, 17, 33, 34) . The heavy reliance on B-Raf during cAMP signaling to ERKs is consistent with the predominant role for Rap1 in ERK activation at these time points, in these cells (13, 27) . To better understand the role of B-Raf in cAMP signaling, we examined its binding to GTPloaded Ras and Rap1. In the absence of additional stimulation, B-Raf bound to the constitutively GTP-loaded Ras mutant RasV12. This basal binding of Ras to B-Raf required an intact Ras-binding domain (RBD), as it was absent in the RBD mutant B-Raf R188L (Fig. 1B) , which, like the analogous C-Raf mutant C-Raf R89L, cannot bind to RasV12 (14, 44) . Binding of wild type B-Raf was terminated within 10 min following F/I stimulation (Fig. 1B) (16) . This was expected as the rapid phosphorylation of B-Raf on serine 365 by PKA interferes with the binding of B-Raf with GTP-loaded Ras (16) .
The binding of B-Raf to the constitutively active Rap1 mutant RapE63 was regulated by cAMP/PKA differently than the binding of B-Raf to RasV12. Binding of B-Raf to Rap1E63 was seen basally, but unlike the binding of B-Raf to RasV12, binding of B-Raf to RapE63 remained at 10 and 20 min following F/I treatment (Fig. 1B) . Similar results were seen with wild type Rap1, although Rap1 needed to be activated by F/I prior to binding B-Raf (Fig. 1C) . Binding of B-Raf to wild type Rap1 was absent basally, was rapidly induced within 5 min of F/I treatment, and remained at 20 min (Fig. 1C) . The need for the initial binding of B-Raf to GTP-loaded Rap1 required the B-Raf RBD, as the binding of the B-Raf R188L was absent at 5 min of F/I stimulation. Surprisingly, binding of the B-Raf R188L mutant was seen at 20 min (Fig. 1C) , suggesting that the binding of B-Raf to Rap1-GTP at 20 min of F/I stimulation was no longer dependent on its RBD at this time point.
The absence of direct binding of B-Raf to Rap1 suggested that the binding of B-Raf to Rap1 might be mediated by an additional protein. B-Raf can bind to related proteins through a defined dimerization domain. This allows B-Raf to homodimerize with itself and to heterodimerize with either C-Raf or the related scaffold protein KSR (35) . Both homo-and heterodimers of B-Raf can be eliminated using the mutant B-Raf R509H within the dimer interface (35, 36) . To test the requirement or dimerization in cAMP activation of ERKs, we utilized cells in which B-Raf expression was reduced by shRNA. As expected, B-Raf was required for ERK activation by cAMP (F/I, 20 min), as ERK activation was lost in these B-Raf-deficient cells (Fig. 1D ). The loss of ERK activation following knockdown of B-Raf could be rescued by transfection of an shRNA-resistant wild type B-Raf, but not by an shRNA-resistant B-Raf R509H (Fig. 1D) , suggesting that B-Raf dimerization participates in cAMP activation of ERKs.
To ask whether dimerization was required for B-Raf to bind to either Ras or Rap1, we examined the binding of B-Raf R509H. In the absence of F/I, constitutively active Ras (RasV12) and Rap1 (RapE63) bound to both wild type B-Raf and the dimerdeficient mutant B-Raf R509H (Fig. 1E) . This is consistent with B-Raf binding directly to GTP-loaded Ras and Rap1. After 20 min of F/I treatment, the binding of RasV12 to both wild type B-Raf and B-Raf R509H was terminated, as predicted by previous studies (16) . In contrast, the binding of B-Raf to RapE63 seen after F/I treatment required dimerization, as binding of B-Raf R509H was lost (Fig. 1E ). Because C-Raf is not required for cAMP activation of ERKs by Rap1 (30, 37), we examined the possibility that KSR could serve as the obligate dimer partner in this pathway.
cAMP Activation of ERKs Requires KSR Dimers-Signaling through Raf kinases is aided by the scaffolding function of KSR (38, 39) , and role for KSR in cAMP signaling to ERKs has been proposed (40) . KSR and B-Raf can exist as heterodimers (41, 42) . Heterodimerization of B-Raf with KSR was detected in unstimulated cells and the level of dimerization was not affected by cAMP treatment (Fig. 2A) . As a control, we showed that the KSR mutant R615H, which is homologous to the B-Raf dimerization mutant B-Raf R509H (35) , was unable to dimerize with B-Raf ( Fig. 2A) . Using shRNA for the KSR isoform KSR1, we show that KSR is required for both the early and late phases of cAMP activation of ERKs (Fig. 2B) . The efficacy of this shRNA is demonstrated in Fig. 2C . The requirement of KSR dimerization for cAMP activation of ERKs was seen in mouse embryonic fibroblasts (MEFs) derived from mice deficient in KSR1 (KSR Ϫ/Ϫ MEF cells) (39) (Fig. 2D) . ERK activation could be rescued with a wild type KSR1 but not with the dimerization mutant KSR R615H (Fig. 2D) .
KSR Binding to Rap1 Requires Phosphorylation of Rap1-KSR does not contain a Ras-binding domain suggesting that KSR can only bind to Ras indirectly. We show here that KSR bound basally to RasV12, and this binding was lost following F/I treatment (Fig. 3A) . In contrast, KSR bound to RapE63 both in the presence and absence of F/I (Fig. 3A) . The requirement for KSR/B-Raf dimerization for KSR binding to Rap1 was tested using the dimerization-deficient mutant KSR R615H. KSR R615H did not bind to RapE63 in the absence of additional stimulation. However, KSR R615H was able to bind to RapE63 following F/I stimulation (Fig. 3A) . This demonstrates that KSR can bind Rap1 independently of any Raf isoform. Because F/I treatment induces the PKA phosphorylation of Rap1, we asked whether PKA phosphorylation of Rap1 could be involved.
PKA phosphorylation of Rap1 occurs within the carboxyl terminus of Rap1 itself (19, 21) . For Rap1b and its constitutively active mutant RapE63, this phosphorylation occurs on Ser-179 (21) . The single mutant Rap1b S179A (but not WT Rap1b) can be phosphorylated on the adjacent serine 180 (21) . Therefore, to eliminate phosphorylation of Rap1b, we used the double mutation Rap1 S179A/S180A, either within wild type Rap1 (RapAA) or the constitutively active version (RapE63AA). Both RapE63 and RapE63AA bound to KSR basally, but unlike RapE63, the binding of KSR to RapE63AA was eliminated after 20 min of F/I treatment (Fig. 3A) .
The interaction of KSR with wild type Rap1 was also dependent on Rap1 phosphorylation, as 20 min of F/I treatment stimulated the association of KSR with wild type Rap1, but not with RapAA (Fig. 3B) . Taken together, these results are consistent with a twostep model of the binding of B-Raf/KSR dimers to Rap1. Immediately following Rap1 activation by F/I, B-Raf/KSR dimers bind to Rap1 through B-Raf. At later time points of F/I stimulation, B-Raf/ KSR dimers bind to phosphorylated Rap1 through KSR.
Rap1 Phosphorylation Is Necessary for cAMP Signaling from Rap1 to ERKs-We asked whether the requirement for Rap1 phosphorylation for its sustained binding to KSR would also be true for B-Raf. As shown above, the binding of B-Raf to RapE63 (but not RasV12) was sustained during F/I treatment (Fig. 4A) . The sustained binding of B-Raf to Rap1 required Rap1 phosphorylation, as this was lost in the phosphorylation-deficient RapE63AA (Fig. 4A, right three lanes) . This pattern was similar to that seen with RasV12 (Fig. 1B, first three lanes) . We propose that Rap1 phosphorylation allows B-Raf/KSR dimers to remain bound to Rap1 following F/I treatment.
Given the requirement of Rap1 phosphorylation in maintaining the binding of B-Raf to Rap1, we asked whether this phosphorylation would help sustain B-Raf-dependent ERK signal- ing. To examine this requirement for Rap1 phosphorylation in cAMP activation of ERKs, we expressed GFP-Rap1AA and FLAG-ERK2 in HEK293 cells and examined a time course of ERK activation by F/I. In the absence of GFP-Rap1AA, FLAG-ERK activation was rapid and sustained. In the presence of GFP-Rap1AA, the sustained portion of ERK activation was selectively lost, whereas the early portion of ERK activation remained unchanged (Fig. 4B ). This suggests that Rap1AA was selectively interfering with the signaling of endogenous Rap1 to ERKs. The lack of effect of Rap1AA at the early time points is consistent with previous findings that the early time points of ERK activation were largely Ras-dependent (13) .
It is possible that Rap1AA might be acting to interfere with endogenous Rap1. To examine the actions of Rap1AA in the absence of endogenous Rap1, we reduced endogenous Rap1 using siRNA. The knockdown of Rap1a/b eliminated the activation of ERKs following 20 min of F/I stimulation (Fig. 4C , left four lanes). This activation was restored by expressing an shRNA-resistant version of Rap1b (Fig. 4C, center 
four lanes).
To examine the action of Rap1AA, we used an shRNA-resistant version of Rap1AA. In contrast to shRNA-resistant wild type Rap1b, shRNA-resistant Rap1AA was unable to rescue the loss of cAMP-dependent ERK activation (Fig. 4C , right four lanes). These data demonstrate that Rap1 phosphorylation is essential for cAMP signaling from endogenous Rap1 to ERKs.
14-3-3 Binding to Rap1
Requires KSR-It has been proposed that PKA phosphorylation of Rap1 creates a consensus novel binding motif for the scaffold protein 14-3-3 (43) . This has been demonstrated for Rap1a (43) . Like Rap1a, Rap1b has a single PKA consensus site at its carboxyl terminus (21, 44) . The phosphorylation of Rap1b also creates a potential 14-3-3 binding site (43) . Using Myc-tagged 14-3-3␥ isoform, we demonstrate that 14-3-3␥ binding to Rap1b does occur in cells (Fig. 5A ). This binding was phosphorylation-dependent, as it was absent in the phosphorylation-deficient RapAA mutants (Fig. 5A) . Similar results were seen when examining binding of Rap1b to endogenous 14-3-3 isoforms (Fig. 5B) .
Because the association of both KSR and 14-3-3 with Rap1 require the same phosphorylated site within Rap1, it is possible that KSR enables the direct binding of 14-3-3 to Rap1. To test whether KSR participates in 14-3-3 binding to Rap1b, we examined binding in KSR Ϫ/Ϫ MEF cells. In KSR Ϫ/Ϫ MEF cells, no binding of endogenous 14-3-3 to Rap1b was detected. However, upon expression of KSR, the binding of endogenous 14-3-3 to Rap1b was observed, and this binding required F/I stimulation (Fig. 5C) . It has been shown that KSR binds selectively to 14-3-3␥, but not 14-3-3␤ or 14-3-3 (45) . Only 14-3-3␥, but neither 14-3-3␤ nor 14-3-3, could bind RapE63 (Fig. 5D) , consistent with the participation of KSR in 14-3-3 binding to RapE63.
KSR Ser-297 Links 14-3-3 to Rap1-14-3-3 exists as a dimer and can either link two 14-3-3 binding sites with the same protein or bring together two distinct proteins that each contain a 14-3-3 binding site. 14-3-3 proteins can bind to KSR through either mechanism. For example, two 14-3-3 binding sites are created by the phosphorylations of Ser-297 and Ser-392, and one dimer can bind simultaneously to both phosphorylation sites (46) . This binding helps maintain KSR within the cytoplasm, as 14-3-3 binding masks a membrane association domain within KSR (47, 48) . Both Ser-297 and Ser-392 are basally phosphorylated and constitutively bound to 14-3-3 (49) .
Phospho-Ser-297 remains phosphorylated following growth factor stimulation (49) . In contrast, phospho-Ser-392 is rapidly dephosphorylated following growth factor stimulation. This releases 14-3-3 to allow KSR to associate with the plasma membrane, a requirement for growth factors to stimulate ERK (49) . Unlike stimulation by growth factor, stimulation by cAMP does not induce the dephosphorylation of phospho-Ser-392 (Fig.  6A) . Therefore, the phosphorylated Ser-297 and Ser-392 sites are potential candidates for linking 14-3-3 dimers to phosphorylated Rap1 during cAMP stimulation. The possible roles of KSR Ser-297 and Ser-392 in linking KSR to Rap1 were examined using KSR mutants lacking each phosphorylation site. We reasoned that mutation of the relevant phosphorylation site(s) would disrupt binding of KSR to phosphorylated RapE63 only following F/I treatment, but not in the absence of F/I treatment. This pattern was seen for the mutant KSR S297A. KSR S297A bound to RapE63 in the absence of F/I treatment, but this binding was lost upon F/I treatment (Fig.  6B) . These data suggested that Ser-297 was a candidate 14-3-3 binding site linking KSR to phosphorylated Rap1. In contrast, KSR S392A and the double mutant KSR S297A/S392A were both unable to bind to RapE63 in either the presence or absence of F/I (Fig. 6B) . Therefore, because KSR S392A did not bind RapE63 in the absence of F/I, we could not rule out a role for phospho-Ser-392 in linking KSR to phospho-Rap1.
A third potential 14-3-3 binding site, KSR Ser-838, has been proposed as a site of PKA phosphorylation (40) , and shown to be required for cAMP signaling to ERKs (40) . Phosphorylated Ser-838 may bind 14-3-3, possibly to promote B-Raf/KSR dimerization (35) . Consistent with this notion, we show that of all the KSR mutants examined, only KSR S838A was unable to form dimers with B-Raf (Fig. 6, C and D) . Like WT KSR, KSR S838A bound to RapE63 modestly in untreated cells, but bound to RapE63 robustly after F/I treatment (Fig. 6B) , demonstrating that phosphorylation of Ser-838 was not required to allow KSR to bind RapE63. Taken together, these data are consistent with a role for Ser-297, and possibly Ser-392, but not Ser-838, as the 14-3-3 binding site linking KSR to phosphorylated Rap1.
Activation of ERKs by Rap1
Requires KSR and PKA-These data suggest strongly that a novel protein complex containing Rap1, 14-3-3, and KSR is formed upon F/I stimulation, and this is dependent on PKA phosphorylation of Rap1. We have identified two distinct mechanisms by which PKA regulates the binding of B-Raf/KSR dimers to Ras and Rap1. Ras recruitment of B-Raf/KSR is terminated by PKA phosphorylation of B-Raf on Ser-365 (16) . Rap1 recruitment of B-Raf/KSR is maintained despite B-Raf phosphorylation, through the PKA phosphorylation of Rap1, which permits the indirect link to B-Raf via KSR binding to phosphorylated Rap1. Given the well known scaffold function of KSR (38, 39, 50, 51) , this complex may also facilitate the coupling of B-Raf to MEK and ERK. This is depicted in Fig. 7 .
Discussion

PKA Phosphorylation of Rap1 Allows RBD-independent
Binding of B-Raf to Rap1-The classical view of Ras activation is that GTP loading helps coordinate the binding of effectors to the Ras switch region. These interactions between Ras and its effectors are mediated by RBDs and related Ras-association domains present in all effectors (52) (53) (54) . This has been well studied for activation of the Raf family of effectors, where GTPdependent binding to Ras participates in Raf activation through membrane recruitment and release of autoinhibition (55) . Similar RBDs are thought to define the binding of Raf effectors to the small G protein Rap1, as predicted from early structural studies (56) . RBDs within both B-Raf and C-Raf are themselves targets for phosphorylation that inhibit binding to Ras and terminate signaling from Ras to ERKs (15, 16, 57) .
PKA phosphorylation of the B-Raf RBD disrupts its interactions with both Ras and Rap1 (16) . However, despite interference of PKA with the direct binding of B-Raf to Rap1, B-Raf can still bind Rap1 indirectly after PKA stimulation (16) . PKA reverses its block of direct binding with a second phosphorylation, on Rap1 Ser-179, which permits the indirect binding of B-Raf to Rap1 through KSR. Importantly, the effects of Rap1 phosphorylation were dominant over the effects of B-Raf phosphorylation, and when Rap1 phosphorylation was eliminated by RapAA mutation, the PKA-dependent blockade of B-Raf binding to Rap1 was revealed. The indirect binding was confirmed using a mutant of B-Raf (B-Raf R188L) that could not bind directly to Rap1 in the absence of F/I, but could still bind PKA phosphorylated Rap1 after F/I stimulation. This is the first example of Raf signaling that is independent of its RBD.
KSR Is Required for B-Raf to Bind Rap1 and Signal to ERKs-
The indirect binding of B-Raf to Rap1 required dimerization, as the dimerization mutant B-Raf R509H could not bind to phosphorylated Rap1 after F/I treatment. We propose that KSR is an obligate dimer partner for B-Raf in this action, as both KSR and B-Raf dimerization are required for cAMP signaling to ERKs.
Many functions have been suggested for KSR. KSR is a scaffold that brings the MAP kinase kinase MEK in proximity to B-Raf (38, 39, 50, 51) . KSR may also provide allosteric activation of B-Raf within the B-Raf/KSR dimer (36) . We propose another role KSR, to link B-Raf to phosphorylated Rap1. KSR does not contain an RBD or Ras-association domain and therefore, cannot be recruited directly to Ras or Rap1. Here, we propose that the binding of KSR to Ras is indirect via the binding of B-Raf through its RBD. This occurs rapidly following F/I stimulation as Ras becomes transiently GTP-loaded (13) and is terminated by the PKA phosphorylation of B-Raf itself (16) .
The indirect binding of KSR via B-Raf can also characterize its binding to GTP-loaded Rap1. In the absence of F/I stimulation, KSR binding to RapE63 required KSR dimerization, as the B-Raf RBD provided the direct interaction with Rap1-GTP. However, after F/I stimulation and upon Rap1 phosphorylation by PKA, KSR binding to RapE623 no longer required B-Raf. We propose that the binding of the B-Raf/KSR dimer to Rap1 following F/I stimulation has two stages. Initially, B-Raf/KSR binding to Rap1 is similar to Ras, in that it required the direct binding of the B-Raf RBD to Rap1. F/I induces the GTP loading 14-3-3 Bridges Rap1 and KSR during cAMP Signaling to ERKs-PKA phosphorylation of Rap1 is analogous to phosphorylations within the C terminus of the Rho family G protein Rnd3 (43) and other prenylated small G proteins that can form bona fide 14-3-3 binding sites (called Mode III/IV sites), whose consensus is (R/K)(R/K)XpSC-geranylgeranyl) (43) . This consensus motif lacks the essential proline of Mode I/II, allowing the entire peptide and a portion of the lipid motif to be accommodated within the hydrophobic groove of 14-3-3 (58). Rap1a contains a perfect Mode III/IV consensus sequence (RRApSCgeranylgeranyl) and Rap1b contains a related sequence (RRpSSC-geranylgeranyl) (43) . All 14-3-3 isoforms show similar affinities for the hybrid prenyl/phosphorylation motif in Rnd3 described by Riou et al. (43) . However, only 14-3-3␥, but neither 14-3-3␤ nor 14-3-3, could bind RapE63. Similarly, only 14-3-3␥, but neither 14-3-3␤ nor 14-3-3, can bind KSR (45) . This is consistent with the contribution of KSR to 14-3-3 binding to phosphorylated Rap1.
We propose that the binding of 14-3-3 to KSR potentiates signals from Rap1 to ERKs. This is fundamentally different from the function of specific 14-3-3 sites on Raf (B-Raf Ser-365 and C-Raf Ser-259) that inhibit Ras signaling to ERKs (15, 49) . This model may help explain the long-standing mystery of why high 14-3-3 levels within cells correlates with the ability of cAMP to activate, rather than inhibit, ERKs (26). Possible 14-3-3 sites in KSR include phospho-Ser-838, phospho-Ser-392, and phospho-Ser-297. Ser-838 phosphorylation is unlikely to link KSR to Rap1 because the S838A mutant can still bind Rap1 after F/I stimulation. In contrast, KSR S297A binds only to unphosphorylated RapE63, but not to RapE63 that is phosphorylated after F/I treatment. These data suggest that Ser-297 is a candidate site to mediate the PKA-dependent binding of KSR to phosphorylated Rap1.
KSR Ser-392 remains phosphorylated during cAMP stimulation of ERKs, making it a potential candidate to remain bound to 14-3-3 during the course of cAMP stimulation. The mutant KSR S392A cannot bind Rap1, possibly due to its constitutive membrane localization (47, 49) , making it difficult to conclude that the lack of Rap1 binding of KSR S392A reflects the lack of 14-3-3 coupling to Rap1 in this mutant.
Model for B-Raf/KSR Function during cAMP Signaling to ERKs-We propose a two-step model for cAMP signaling to ERKs. Ras-dependent ERK activation requires the recruitment of B-Raf/KSR dimers to Ras. This is mediated by the direct binding of B-Raf to the switch region of Ras. B-Raf phosphorylation by PKA at Ser-365 releases B-Raf from Ras to terminate Ras signaling to ERKs (16) . This is depicted in Fig. 7A .
In contrast to Ras, Rap1 activation of B-Raf/KSR signaling to ERKs is not terminated following PKA phosphorylation of B-Raf. The simplest model is that preformed B-Raf/KSR dimers are initially recruited to Rap1-GTP through direct binding of B-Raf to the switch region of Rap1. We propose that this PKA phosphorylation of B-Raf may also interrupt RBD interactions with Rap1. However, the phosphorylation of Rap1 opposes the inhibitory actions of B-Raf phosphorylation on Rap1 binding, by providing a novel 14-3-3 binding site for KSR that allows an indirect binding of B-Raf to Rap1. This is depicted in Fig. 7B .
It is possible that upon Rap1 activation, a molecule of B-Raf initially binds directly to Rap1-GTP and then subsequently binds indirectly to phosphorylated Rap1 through KSR. However, the ability of the B-Raf R188L mutant to bind Rap1 after F/ItreatmentsuggeststhatthedirectbindingofB-Raftounphosphorylated Rap1 is not a prerequisite for its subsequent binding to phosphorylated Rap1. In either case, these studies demonstrate that B-Raf can signal independently of direct interactions with small G proteins, and utilizes KSR to help maintain a signaling complex with Rap1 during cAMP activation.
One aspect of Rap1 signaling that has remained unexplained is why the constitutive mutants RapV12 and RapE63 are often poor activators of ERKs, even in cells where a requirement for Rap1 in cAMP signaling to ERKs has been demonstrated (59) . We propose that efficient signaling of Rap1 to ERKs requires multiple events in addition to Rap1 activation, including phosphorylation by PKA and recruitment of KSR. This model may explain why constitutively active Rap1 mutants are poor activators of ERKs in the absence of PKA phosphorylation and may explain why constitutively active Rap1 mutants are rarely seen in human cancers (60) . In this regard, it is interesting that the mitogenic actions of constitutively active Rap1 in a model of thyroid follicular cell growth required Rap1 phosphorylation (61) . In addition, endogenous levels of KSR may be limiting during overexpression of constitutively active Rap1 mutants. KSR levels vary greatly in different cell types (62) . It will be interesting to see if the ability of constitutively active Rap1 mutants to activate ERKs correlates with KSR expression.
Experimental Procedures
Chemicals-Forskolin was purchased from Tocris Bioscience (Minneapolis, MN). IBMX was purchased from Calbiochem (Riverside, CA).
Plasmids-Human B-Raf, mouse KSR1, and tagged-14-3-3 isoforms were provided by Andréy Shaw (Washington University, St. Louis, MO) and Peter Hurlin (Oregon Health & Sciences University). Human H-RasG12V (H-RasV12) was purchased from the Missouri S&T cDNA Resource Center (Rolla, MO) and was cloned into a pEGFP-C1 vector. References to the Rap1 cDNA refer to the bovine Rap1b sequence. The cDNA of rat Rap1a was cloned into a pEGFP-C1 vector. The construction of vectors containing FLAG-Rap1b, FLAG-Rap1bS179A/ S180A (Rap1AA), FLAG-Rap1bE63, FLAG-Rap1bE63S179A/ S180A (RapE63AA), GFP-Rap1b, GFP-Rap1AA, GFP-Rap1bE63, GFP-RapE63AA, HA-B-Raf, HA-B-Raf R509H, GFP-B-Raf, and GFP-B-Raf R188L have been described previously (16, 17, 19) . The FLAG-KSR S392A, FLAG-KSR S297A, FLAG-KSR S297A/S392A, FLAG-KSR S838A, and FLAG-KSR R615H mutants were generated by site-directed mutagenesis of the corresponding plasmids using the QuikChange TM kit (Stratagene, La Jolla, CA). GFP-B-Raf R509H, GFP-Rap1aE63, and GFP-Rap1aE63 S180A mutants were subcloned from the corresponding FLAG-tagged plasmids. shRNA-resistant mutants of HA-B-Raf (WT or R509H) were generated by mutagenesis of ACAGAGACCTCAAGAGTAA to ACA-GAGATCTGAAGAGCAA. The mutations are underlined. For an shRNA-resistant version of Rap1b, bovine Rap1b cDNA was used. The inhibitory PKA phosphorylation of B-Raf on Ser-365 functions to release the B-Raf/KSR dimer from Rap1-GTP in a similar fashion to that shown above for Ras. Although we have not definitively proved that 14-3-3 is required for KSR to bind Rap1, the association of both KSR and 14-3-3 with Rap1 requires the same phosphorylated site within Rap1. This PKA phosphorylation of Rap1 on Ser-179 creates a novel 14-3-3 binding site at the carboxyl terminus of Rap1. 14-3-3 binding accommodates this phosphorylation in conjunction with the adjacent the C-terminal geranylgeranyl lipid. We propose that the binding of 14-3-3 to phosphorylated Rap1 occurs as part of a 14-3-3␥ dimer that also binds KSR. Therefore, we have drawn 14-3-3 as a bridge between Rap1 and KSR in this model. Rap1 binds to KSR via established 14-3-3 binding sites. Mutational analysis of potential 14-3-3 sites in KSR suggested Ser-297 as a candidate site, although Ser-392 could not be ruled out. We propose that whereas the B-Raf/KSR dimer is released from direct binding to Rap1, the dimer remains associated with phosphorylated Rap1 through a phosphospecific 14-3-3 binding site that links KSR and its dimer partner B-Raf to Rap1. This model explains how KSR and B-Raf can bind to phosphorylated Rap1 even after direct binding of Rap1 to B-Raf is blocked.
RNA Interference-Complementary pairs of shRNA oligonucleotides were synthesized by Integrated DNA Technologies Inc. (Coralville, IA), annealed, and cloned into the pSUPERneoϩGFP vector (OligoEngine, Seattle, WA). The shRNA for Rap1a, Rap1b, B-Raf, and C-Raf were described previously (13, 16, (63) (64) (65) (66) . The sense KSR1 shRNA oligonucleotide is GTGC-CAGAAGAGCATGATA (human sequence, corresponding to the mouse KSR1 siRNA) (67) .
Antibodies-Anti-ERK2 (D2), anti-B-Raf (H145), anti-GFP (SC-8334), and anti-Rap1a/b (SC-65) antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Agarose-coupled anti-FLAG (M2) and anti-FLAG (M2) were from Sigma. Anti-Myc (MA1-21316) was from Thermo Fisher Scientific Inc. (Rockford, IL). Anti-KSR1 (611577) was from BD Transduction Laboratories. Anti-14-3-3 (AB9748) was from EMD Millipore (Billerica, MA). Anti-phospho-KSR1 (pS392) (antibody number 4951) and anti-phospho-ERK (Thr-201 and Tyr-204) (Ab number 9101) were purchased from Cell Signaling Technology (Beverly, MA). Anti-mouse and anti-rabbit secondary antibodies for Western blots were from GE Healthcare.
Cell Culture Conditions and Transfections-KSR Ϫ/Ϫ MEF cells were kindly provided by Andréy Shaw (Washington University, St. Louis, MO). All cells (HEK293 and KSR Ϫ/Ϫ MEF cells) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin, streptomycin, and L-glutamine at 37°C in 5% CO 2 . Transient transfections were performed using Lipofectamine 2000 reagent (Invitrogen Corp.) according to the manufacturer's instructions, and serum starved prior to treatment. The control vector, pcDNA3, was included in each set of transfections to assure that each plate received the same amount of transfected DNA. Cells were treated with 10 M forskolin and 100 M IBMX for 20 min unless otherwise indicated. This treatment is designated "F/I" in the text and figures. To generate stable cell populations, HEK293 cells were transfected with pSUPER-neoϩGFPencodingshRNAforB-Raforascrambledconstruct and selected using 0.5 mg/ml of G418 for 4 to 6 weeks. shRNA experiments were conducted as previously described (13) .
Western Blotting-Immunoprecipitations and Western blotting were performed as previously described (31, 68) . Thermo Scientific PageRuler Prestained Protein Ladder was used as protein size indicators in all gels. Active Rap1 was assayed using GST-Ral-GDS in an in vitro pulldown assay as previously described (69) . Active Ras was assayed using a Ras activation assay kit (Cytoskeleton Inc., Denver, CO) and performed according to the manufacturer's instructions. In all cases, representative Western blots of at least three independent experiments are shown.
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